Hamster embryos cannot complete the second cleavage division in vitro in the presence of glucose and inorganic phosphate (Glu/Pi). Embryos can recover from an 8 h (12:30-20:30 h) exposure to Glu/Pi, although cleavage is retarded by 10 h and continued development to the blastocyst stage is rare (2%). The vulnerability of 2-cell embryos to Glu/Pi changes during the cell cycle, being greatest just prior to cleavage which occurs at -21:00 h: exposure to Glu/Pi from 12:30-14:30 h allowed 94% development to morulae/blastocysts while exposure from 18:30-20:30 h decreased morula/blastocyst development to 48%. This inhibitory effect is also modulated by the length of exposure and energy substrate composition of the culture medium. It is unclear how Glu/Pi interferes with cleavage, but a metabolic explanation is likely because (i) metabolic Inhibitors L-glyceraldehyde, iodoacetate and cystamine exacerbated the effect and (ii) the organization of active mitochondria observed with Rhodamine 123 and confocal microscopy is disturbed by Glu/Pi. Keywords: cleavage/glucose/hamster preimplantation embryos/ mitochondria! distribution/phosphate Introduction Poor preimplantation development of embryos in vitro has been an obstacle to studying the regulation of early development In particular, certain cleavage divisions (second: outbred mouse, rat and hamster, third: pig; fourth: cow and sheep; see Bavister, 1988 Bavister, , 1995 for discussion) are easily disrupted by standard culture conditions. Although human embryos do not have a specific blocking stage, they exhibit reduced developmental potential in vitro which may be similarly caused by unsuitable culture conditions (Rogers et al, 1986; Amso and Shaw, 1993) . While the factors responsible for the so-called 'blocks to development' have been identified for many species (Bavister, 1995) , it is unclear how and why these specific cleavage divisions are vulnerable.
Introduction
Poor preimplantation development of embryos in vitro has been an obstacle to studying the regulation of early development In particular, certain cleavage divisions (second: outbred mouse, rat and hamster, third: pig; fourth: cow and sheep; see Bavister, 1988 Bavister, , 1995 for discussion) are easily disrupted by standard culture conditions. Although human embryos do not have a specific blocking stage, they exhibit reduced developmental potential in vitro which may be similarly caused by unsuitable culture conditions (Rogers et al, 1986; Amso and Shaw, 1993) . While the factors responsible for the so-called 'blocks to development' have been identified for many species (Bavister, 1995) , it is unclear how and why these specific cleavage divisions are vulnerable.
Numerous reports have attempted to correlate the blocks to development with activation of the embryonic genome (for review see Telford et al, 1990) , but recent work by Ram and Schultz (1993) and Matsumoto et al. (1994) demonstrating that transcription can occur earlier than previously detected © European Society for Human Reproduction and Embryology suggests that initiation of transcription may not be responsible for the blocks. It is possible, however, that stage specific, developmentally important transcript(s) are involved. This idea is supported by the ability of NaCl at different concentrations to alter both transcription and developmental competence of mouse two-cell embryos (Anbari and Schultz, 1993) .
Alternatively, developmental blocks may occur when the culture environment disrupts energy production to the point of crippling high energy demanding processes such as cleavage. Because the energy substrate composition of culture media is critical for embryos to achieve developmental competence (Whitten, 1971; Chatot et al., 1989; Brown and Whittingham, 1990; McKiernan et al, 1991; Conaghan etal., 1993; Bavister, 1995) , it is rather widely accepted that studying energy metabolism may explain the causes of suboptimal development. In particular, the activity and/or distribution of mitochondria under blocking and non-blocking conditions may be a critical parameter to investigate in this context (Barnett et al., 1996; Barnett and Bavister, 1996) . Schini and Bavister (1988) established that the hamster twocell block occurs when glucose and inorganic phosphate (Glu/ Pi) are present in the culture medium. Subsequently, glucose and/or phosphate inhibited the development of embryos from outbred mice (Chatot et al, 1989) , rats (DeHertogh et al, 1991; Kishi etal, 1991; Miyoshi etal., 1994) , cows (Ellington et al, 1990; Kim et al, 1993a,b) , sheep (Thompson et al, 1992a,b) , pigs (Petters et al, 1990) and humans (Conaghan et al, 1993; Quinn et al, 1995) . While the mechanism of this inhibition is unknown, it has been suggested that these substrates disrupt the management of energy production, leaving the embryos incompetent to develop (Seshagiri and Bavister, 1991; Barnett and Bavister, 1996) .
Because hamster embryos seem particularly sensitive to inhibition by Glu/Pi, and are easily obtained in large numbers from females subjected to ovarian stimulation, they serve as an excellent model for studying the nature of this inhibition. The goals of this study were to (i) define the sensitivity time window of two-cell hamster embryos to Glu/Pi, (ii) determine how culture conditions (pyruvate and amino acids) modulate this sensitivity, and (iii) explore whether there is a metabolic component of the sensitivity to Glu/Pi. This kind of information will help determine the mechanisms underlying the inhibitory effect(s) of Glu/Pi, thus increasing our knowledge about normal regulatory events. •"Osmotic pressure 275 ± 5 mosmols.
Materials and methods

Culture media
were used in this study. The pH of HECM under 10% CO2 is 7.2. Preparation of water for culture media and quality control procedures were as described previously (Bavister and Andrews, 1986; Bavister, 1989) . Glu/Pi were added to some treatments at 5 mM and 0.35 mM respectively.
Embryo collection
Golden hamsters were injected i.p. with 10-20 IU equine chorionic gonadotrophin (eCG) (Gestyl: Diosynth, Chicago, IL, USA) depending on body weight (90-150 g) before 10:00 h on cycle day 1 (day of post-oestrus discharge). Following ovarian stimulation, females were placed into cages of proven males on the evening of day 4 (oestrus). Embryos at the two-cell stage were collected from donors 2 days later at 12:00 h (32 h post-egg activation (PEA) where t = 0 is estimated at 04:00 h: Bavister et aL, 1983) by flushing equilibrated (10% CO2, 5% O2 and 85% N 2 at 37.5°C) culture medium through excised oviducts and uteri into control medium under silicone oil (Aid-rich Chemical Co., St Louis, MO, USA) in organ culture dishes (No. 3037, Falcon Plastics, Becton Dickinson Co., Lincoln Park, NJ, USA). Embryos were distributed by controlled pooling (McKiernan et aL, 1991) to 50 |il treatment drops under oil in 60 mm culture dishes (No. 1007, Falcon Plastics) equilibrated at 10% CO2. 5% O2 and 85% N 2 at 37.5°C.
Experimental design
Experiment 1. Timing of sensitivity to Glu/Pi Two-cell embryos were collected and distributed to 50 Hi drops of HECM-1 under oil. Embryos were transferred to HECM-1 supplemented with Glu/Pi for one of the indicated exposure periods ( Figure  1 and Table II ). After exposure, embryos were washed, transferred into HECM-1 without Glu/Pi, cultured and assessed for morphological development (total culture time for all treatments = 48 h). The data set contained five replicates representing embryos from 24 females.
Experiment 2. Effect of Glu/Pi on the time of the second cleavage division
The effect of an 8 h exposure (12:30-20:30 h) to Glu/Pi on the time of the second cleavage division, which normally begins at 21:00 h in vitro, was investigated using time lapse video microscopy. Twocell embryos were collected in HECM-1 at 12:30 h on day 2 (32 h PEA) and placed into either control (HECM-1) medium or HECM-1 containing Glu/Pi. After culture for 8 h, embryos in both treatments were washed and transferred to control medium. The embryos were transferred to a 50 |il drop (treatments were separated by a line etched with a needle in the bottom of the Petri dish) and placed on the microscope stage for time lapse video microscopy (Gonzales and Bavister, 1995) . The time PEA for the completion of the second cleavage division was recorded for each embryo (n = 16 for HECM-1 and n = 21 for HECM-1 + Glu/Pi treatment) and converted to h PEA (two replicate experiments with embryos from two females).
Experiment 3. Effect of medium composition on Glu/Pi effect
The effect of medium composition on glucose phosphate inhibition was tested in a 2x2 factorial design (Table III) . HECM-1 and HECM-3 primarily differ in their energy substrate composition (Table I) . Embryos were collected from females subjected to ovarian stimulation at 12:30 h (32 h PEA) and distributed to one of four treatments: (i) HECM-1, (ii) HECM-1 + Glu/Pi, (iii) HECM-3, or (iv) HECM-3 + Glu/Pi, for 8 h. After the 8 h incubation embryos were washed and placed into the respective control medium, either HECM-1 or HECM-3, and cultured for 48 h at 37.5°C under 10% CO2 and 5% Q2 until embryos were evaluated for morphological development. There were five replicate experiments with 17 females.
Experiment 4. Effect of glycolysis inhibitors on Glu/Pi inhibition
The ability of the glycolysis inhibitors L-glyceraldehyde, iodoacetate and cystamine (Sigma Chemical Co.) to rescue the development of two-cell embryos exposed to Glu/Pi was tested (cystamine blocks hexokinase while iodoacetate and L-glyceraldehyde target glyceraldehyde-3-phosphate dehydrogenase : Webb, 1966; Zollner, 1989; H. Lardy, personal communication) . Dose responses of inhibitors were done to determine their effects on two-cell hamster embryo development in the absence of Glu/Pi (in HECM-1) and appropriate doses for the following experiments were chosen based on the two highest doses that did not affect development (Figure 2 ). Hamster embryos were collected before 17:30 h (37.5 h PEA) in equilibrated HECM-1. At 17:30 h embryos were distributed by controlled pooling to treatments. At 18:30 h Glu/Pi were added to all treatments (final concentration 5 mM and 0.35 mM respectively), except the high control to which the same volume of 157 mM NaCl solution was added. The embryos were cultured for 2 h and then washed and placed in HECM-1 for 48 h of additional culture. There were five replicate experiments with 14 females. (95) 0f (0) lOT ( 
Experiment 5. Effect of Glu/Pi on the distribution of active mitochondria
To determine whether Glu/Pi disturb the distribution of active mitochondria, two-cell embryos were collected at 12:30 h (32.5 h PEA) and distributed to HECM-3, HECM-3 + glucose, HECM-3 + phosphate, or HECM-3 + Glu/Pi. After an 8 h exposure embryos were washed, stained with Rhodamine 123 (Rhl23) and imaged with confocal laser-scanning microscopy (Kimura et al, 1994; Barnett et al, 1996) . Briefly, Rhodamine 123 (Molecular Probes, Eugene, OR, USA) stock solution (10 mg/ml) was added to equilibrated HECM-3 (1 (il/ml) and embryos were stained under culture conditions (10% CO2, 5% O2, 85% N 2 at 37.5°C) for 15 min, washed 3 times in HECM-3 and mounted on siliconized glass slides. Confocal images were obtained using a Biorad MRC-600 laser scanning microscope equipped with a krypton-argon mixed gas laser excitation at 488 nm and a fiuorescein filter. Raw images were archived onto rewritable magneto-optical disks via a PLJ external drive. Images were collected from two to five embryos per treatment from each of four females. Images presented in Figure 3 were converted to PICT files in Adobe Photoshop and the output was directed to a film recorder.
Data analysis
For experiments 1, 3 and 4 where embryos were evaluated for morphological development to four-cell, eight-cell, morula/blastocysts and blastocysts, the percent development to each stage was calculated. Data were arcsin transformed and analysed by ANOVA. Differences in group means were detected by LSD. The effect of treatment in experiment 2 was tested using a Student's /-test.
Results
Experiment 1. Timing of sensitivity to Glu/Pi
Both the duration and timing of exposure to Glu/Pi affected embryo development (Table II) (Table IT) . The early 2 h (12:30-14:30 h) exposure did not decrease development, whereas the late 2 h (18:30-20:30 h) exposure did inhibit development to the morula/blastocyst stages (Table IT) .
Experiment 2. Effect of Glu/Pi on the time of the second cleavage division
Control embryos began cleaving around 21:00 h. The mean time PEA of cleavage ± SEM was significantly different between the control (41 h 24 min ± 53 min) and Glu/Pi (51 h 16 min ±17 min) treated embryos (degrees of freedom = 24, /= 10.71, P< 0.0001). 
Experiment 3. Effect of medium composition on Glu/Pi effect
Glu/Pi were much more inhibitory in HECM-3 than HECM-1 (Table III) , indicating that the energy substrates (amino acids and/or pyruvate) modulate the Glu/Pi effect. In HECM-1, Glu/ Pi reduced development to the eight-cell stage from 100 to 89% (P < 0.05), whereas in HECM-3 Glu/Pi completely prevented development to the eight-cell stage. 
Experiment 4. Effect of glycolysis inhibitors on Glu/Pi inhibition
The glycolysis inhibitors not only failed to overcome the inhibition of development caused by Glu/Pi, but at some doses (1.0 mM L-glyceraldehyde, 0.001 mM iodoacetate and 1.0 mM cystamine) they actually increased the severity of the effect (Table IV) .
Experiment 5. Effect of Glu/Pi on the distribution of active mitochondria
In both HECM-3 and HECM-3 plus glucose the distribution of active mitochondria was similar to what has been described for freshly recovered embryos (Kimura et al., 1994; Bamett et al., 1996) with 14/14 and 18/18 embryos respectively maintaining perinuclear clustering ( Figure 3A and B). However, only three out of 15 embryos in the HECM-3 + phosphate treatment and none out of 18 embryos in die HECM-3 + Glu/ Pi treatments retained their perinuclear clustering ( Figure 3C and D). The combination of glucose and phosphate caused the most severe mitochondria] disorganization. In the absence of perinuclear clustering, the mitochondria were much more homogeneously distributed.
Discussion
The developmental competence and viability of embryos from many species is reduced upon removal from the reproductive tract. Embryos produced by in-vitro fertilization, such as in human infertility treatment, may be at an even greater disadvantage in suboptimal culture conditions. Much information has been published detailing die sensitivity of preimplantation embryos to a variety of substrates in vitro (for review see Barnett and Bavister, 19%; Bavister, 1995) . Because glucose and/or phosphate have been implicated in die poor development of embryos from laboratory species (Schini and Bavister, 1988; Chatot et al, 1989; DeHertogh et al, 1991; Kishi et al, 1991; Miyoshi et al, 1994) , domestic animals (Ellington et al, 1990; Petters et al, 1990; Thompson et al, 1992a,b; Kim et al, 1993a,b) and humans (Conaghan et al, 1993; Quinn et al, 1995) , identifying more precisely when embryos are sensitive to Glu/Pi and how these substrates inhibit development in vitro is warranted. Two-cell hamster embryos are increasingly sensitive to Glu/ Pi just prior to cleavage. However, it was remarkable to find that the consequences of exposure to Glu/Pi may not be manifested until the morula/blastocyst stage (Table II ). The energy substrate composition of the culture medium further modulates this inhibition. These dramatic changes in the developmental responses of embryos to Glu/Pi indicate a need for caution when comparing data from experiments done at different times in the day and/or in different media. Nevertheless, these results do indicate that energy production and/or cleavage itself are disrupted. The fact that the manifestation of damage to embryos during early development (two-cell stage) can be delayed for as much as 48 h has implications for human embryos where glucose and/or phosphate are also inhibitory (Conaghan et al, 1993; Quinn el al, 1995) . If the inhibition of human embryo development by Glu/Pi is delayed, as in the hamster, this could help to explain low pregnancy rates per embryo transferred (perhaps ^10%: Rogers et al. 1986; Amso and Shaw, 1993) because embryos are usually transferred at the two-to four-cell stages, i.e. before the detrimental effect of Glu/Pi would be seen. Consistent with this idea, Quinn et al. (1995) showed no detectable effect of Glu/Pi until implantation.
Glu/Pi may interfere with mechanical aspects of cleavage (i.e. the cytoskeleton) or cellular processes that occur just prior to cleavage. Very little is understood about how inhibitory components of culture medium affect energy production or how altered energy production impacts cellular events (Bamett and Bavister, 1996) . Essential to this understanding is the definition of developmental events that require higher energy availability and consumption. Perhaps baseline cellular operations can occur when embryos are placed in a stressful environment, but more energy demanding events such as cleavage cannot. Seshagiri and Bavister (1991) suggested that inhibition of embryo development by Glu/Pi acts by stimulating glycolysis; excessive glycolysis then suppresses oxidative phosphorylation (Crabtree effect; Koobs, 1972) by altering the balance between cytosolic and mitochondria] metabolism. This hypothesis was based on their observation that in the hamster eight-cell embryo, the combination of Glu/Pi was not only detrimental to development but also depressed respiration, a possible manifestation of the Crabtree effect Alternatively, it is possible that Glu/Pi directly damage the mitochondria so that embryos become dependent on glycolytic activity, which may be inadequate for complete development in vitro (Barnett and Bavister, 1996) .
The inability of glycolytic inhibitors to overcome Glu/Pi inhibition is not consistent with the hypothesis that an up-regulation of glycolysis is responsible for this inhibition. Although inhibitors can have non-specific effects, in this study similar effects on development were exhibited by the different inhibitors. This result does not appear to be due to general toxicity of the inhibitors at this level because these doses did not affect development in the absence of Glu/Pi (Figure 2) . The fact that embryos were more sensitive to the glycolysis inhibitors in the presence of Glu/Pi (Figure 2 , Table IV) suggests that they may be more dependent on glycolysis in the presence of Glu/Pi.
The reorganization of active mitochondria (loss of perinuclear clustering) in the presence of phosphate may alter energy management and/or increase the embryo's dependence on glycolysis while rendering it unable to initiate cytokinesis. Disrupted organization of mitochondria has already been correlated with the failure of human and bovine oocytes to fertilize (Van Blerkom, 1990; Assey et al, 1994) . The mitochondria of in-vitro produced cattle embryos are structurally different from mitochondria of in-vivo produced embryos (Plante and King, 1994) . The most dramatic observation was that half of the mitochondria in the in-vitro produced blastocysts were swollen and lacking matrix and intact cristae at the time of hatching (Plante and King, 1994) . Furthermore, serum-containing medium caused a higher degree of mitochondrial degeneration in sheep embryos than culture medium containing amino acids but no serum (Dorland et al, 1994) . These results indicate that culture conditions that disrupt mitochondria are detrimental for embryo development. The loss of perinuclear clustering ( Figure 3C and D) in the two-cell hamster embryo in culture conditions that cannot support the second cleavage division supports this hypothesis.
The metabolic basis for the inhibition of development by Glu/ Pi as well as effects of the metabolic inhibitors can now be examined more precisely during specific time windows in both HECM-1 and HECM-3 by measuring key processes such as utilization of radiolabelled substrates (Rieger et al, 1992; Barnett et al., 1993) , lactate production (Gott et al, 1990; Gardner and Leese, 1993) , oxygen consumption (Seshagiri and Bavister, 1991) , redox potential and/or ATP/ADP ratio (Ginsberg and Hillman, 1973; Leese et al, 1984; Rozell et al, 1992) . In the light of the ability of phosphate in the absence of glucose to reorganize mitochondria (Figure 3) , the effects of glucose and phosphate should also be examined separately. It is our hypothesis that altered energy management, upsetting the balance between cytosolic and mitochondrial energy production, is associated with mitochondrial reorganization. It is further proposed that this cellular/metabolic reorganization is involved in the Glu/Pi induced (two-cell) block to development
